Here we report the successful structure determination at 293K of fully perdeuterated type-III AFP by joint X-ray and neutron diffraction providing a very detailed description of the protein and its solvent structure.
X-ray data were collected to a resolution of 1.05 Å, and neutron Laue data to a resolution of 1.85 Å with a "radically small" crystal volume of 0.13 mm 3
. The
Introduction
The so-called Antifreeze Proteins (AFPs) allow certain organisms living in cold environments to survive sub-zero temperatures. They do this by preventing ice growth and recrystallization in internal fluids through binding to ice surfaces Margesin et al., 2007; Venketesh and Dayananda, 2008) . This presents a unique case of molecular recognition, as AFPs need to discriminate between ice nuclei and bulk water at slightly sub-zero temperatures, and therefore, they need to recognize local structural features of ice which are not present in liquid water (Jia and Davies, 2002) . The recognition and further binding to ice is the first stage in a two-step adsorption and growth inhibition mechanism (Raymond and DeVries, 1977) . In this model, AFP molecules bind to well-defined sites on the ice surface. Ice may continue to grow between the adsorbed AFPs (which act as impurities), developing a curved front, which eventually leads to the termination of crystal growth, a phenomenon known as the Kelvin effect (Wilson, 1993; Kristiansen and Zachariassen, 2005) .
The success of this protection strategy is illustrated by the wide distribution of AFPs in psychrophilic organisms, such as insects, plants, fungi and fish living in cold regions. Each of these groups contains proteins which have different origins, sequences and structures. In particular, five different types of polar fish AFPs have been described (Types I-IV and antifreeze glycoproteins) with a characteristic taxonomical distribution (DeVries, 1971; Ewart and Hew, 2002) .
We have studied fish type-III AFP (HPLC-12 isoform), a prototypical globular AFP of 7 kDa which has been the subject of a large number of experimental and computational studies, allowing the identification of a region on the protein surface as responsible for the recognition of particular lattice planes of ice (Chen and Jia, 1999; Antson et al., 2001; Siemer and McDermott, 2008; Siemer et al., 2010; Garnham et al., 2010) . This compound ice-binding surface (IBS) is composed of two adjacent, nearly-flat surfaces inclined at approximately 150° to each other ( Figure 1a) . One binds the primary prismatic plane of ice; the other, the pyramidal plane. The IBS has the peculiarity of including a large proportion of hydrophobic residues (Figure 1b ).
This characteristic was unexpected as it went against early proposals for the interaction of AFP with ice, which were based on a hydrogen-bonding match of AFPs to the ice surface. However, this characteristic becomes reasonable in the perspective of differentiating locally the binding to ice, from that to bulk water. For the F o r P e e r R e v i e w 4 case of liquid water, binding is indeed dominated by hydrogen-bonding, whereas ice presents other structural features, such as the holes in the middle of six-membered water rings, which can accommodate hydrophobic residues. As proposed by modeling studies (Yang et al., 1998) The primary prismatic and pyramidal plane binding sections of AFP are indicated, along with some of the residues identified at the IBS (Gln-9, . b) Ribbon representation of type-III AFP with all the compound ice-binding surface residues given as space-filled spheres (Gln-9, .
Residues are colored as follows: nitrogen = blue, oxygen = red, carbon = green, and deuterium = grey.
The structure of type-III AFP protein has been extensively studied, and there are about 30 models in the Protein Data Bank (http://www.rcsb.org/pdb/) that have been solved by X-ray crystallography at various levels of resolution, including structures at different pH and at different temperatures (Table I , supplementary material). Several faces of the hexagonal ice structure (prismatic, basal and others) have been fitted to 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   5 the IBS of each of these structures using modelling techniques which maximize the energy of interaction (Antson et al., 2001) . In this study it is briefly mentioned that crystallographically observed waters are used as a hint to the position of ice water molecules. The result is a series of interface models, which explain the binding of AFP to several ice planes. These models are supported experimentally by macroscopic observations from etching experiments (Antson et al., 2001; Garnham et al., 2010) . Nevertheless, there is no direct structural experimental evidence specifically identifying the atomic interactions of the IBS with specific water molecules in the ice planes.
In order to increase the visibility of partially disordered waters facing the IBS we have used neutron crystallographic techniques in combination with fully perdeuterated crystals of type-III AFP in heavy water (D 2 O). In this way, the signal from D 2 O water molecules is significantly increased (about 3 times) relative to H 2 O water molecules, since deuterium atoms have a similar neutron scattering strength to carbon, nitrogen or oxygen atoms (note that deuterium atoms diffract X-rays very weakly). This is particularly useful in difficult cases where the diffraction signal is close to the noise level. In addition, neutrons do not provoke any observable crystal radiation damage, and therefore allow studies without cryo-cooling of the crystals, in conditions which are close to those in-vivo.
In spite of these advantages with respect to X-ray protein crystallography, fewer than 50 structures solved by neutron diffraction techniques are deposited in the Protein Data Bank (around 1/1000 of the total), mostly from partially deuterated (with only exchangeable hydrogen atoms replaced by deuterium) crystals. Recently, the use of fully perdeuterated crystals, obtained from samples from dedicated deuteration facilities (Forsyth et al., 2001) , and the improvement of data collection beam-lines, have allowed the use of much smaller crystals and therefore enlarged the field of applicability of neutron diffraction to biological problems (Blakeley, 2009) . This is the case in the present work, where high quality neutron data has been obtained from a radically small crystal (volume = 0.13mm 3 ) by neutron diffraction standards.
Materials and Methods

Production and characterization of perdeuterated type-III AFP (AFP D)
The synthetic gene of the type-III AFP corresponding to the sequence of the 1HG7 PDB entry (http://www.rcsb.org/pdb/explore/explore.do?structureId=1HG7) (Antson et al., 2001 ) was used (Salvay et al., 2007) . It was over-expressed in Escherichia coli We conclude that AFP expressed under the conditions described above, and refolded in deuterated buffer, is fully deuterium-labeled i.e. perdeuterated.
Crystallization
The 
X-ray data collection
X-ray diffraction data of perdeuterated type-III AFP crystals were measured at the ESRF beam-line ID29 at room temperature. Special care was taken to minimize the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 8 radiation-induced damage when collecting data at room temperature, especially as high doses of X-ray photons are needed to measure accurately the highest possible resolution data. Three crystals of the same batch with approximate dimensions of 0.2 x 0.2 x 0.6 mm were measured -the best of these provided X-ray diffraction data to a resolution of 1.05Å with adequate data processing statistics [see Table 1 ]. 
is the sum over all reflections and Σ i is the sum over i measurements of reflection hkl.
Neutron data collection
Neutron quasi-Laue data were collected at 293 K on the LADI-III beam-line were collected using an exposure time of 24 h per image in order to collect the highresolution data, followed by a low-resolution pass of 18 images (∆φ = 5°) using an exposure time of 2 h per image. Next, the crystal orientation was modified and a further 13 images were collected (∆φ = 7°) using an exposure time of 6 h per image, followed by 18 images (∆φ = 5°) using an exposure time of 2 h per image. Finally, the crystal orientation was modified again and a further 20 images (2h per image, ∆φ = 5°) were collected, such that the complete data set comprised 82 images with an average exposure time of 6.15h per image. The neutron Laue data images were processed using the Daresbury Laboratory LAUE suite program LAUEGEN, which was modified to account for the cylindrical geometry of the detector (Campbell et al., 1998) . The program LSCALE (Arzt et al., 1999) was used to determine the wavelength-normalization curve using the intensities of symmetry-equivalent reflections measured at different wavelengths and to apply wavelength-normalization calculations to the observed data. The data were then scaled and merged in SCALA (Collaborative Computational Project, Number 4, 1994) . Data collection statistics are summarized in Table 2. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
, where I(hkl) is the intensity of reflection hkl, Σ hkl is the sum over all reflections and Σ i is the sum over i measurements of reflection hkl. (Weiss, 2001) , where I(hkl) is the intensity of reflection hkl, Σ hkl is the sum over all reflections and Σ i is the sum over i measurements of reflection hkl. 
X-ray structure determination and refinement
The D AFP structure was initially solved by molecular replacement using the PDB entry 1UCS (Ko et al., 2003) and the program AMoRe (Navaza, 1994) . The structure was initially refined in a single conformation mode against the X-ray data alone using the program REFMAC5 (Murshudov et al., 1997) to an R work of 18.7 % and an R free of 21.2 % to 1.05Å resolution.
Joint X+N refinement
The single conformation X-ray structural model of AFP D to 1.05Å resolution determined at room-temperature was used as the starting model for the refinement using both the X-ray and neutron data in a joint refinement strategy using the Table 3 . Molprobity (Davis et al., 2007) was used to analyze the stereochemistry of the final model (see Table 3 ). 
Results: Description of the joint X-ray/neutron structure
In this work, we have used joint neutron and X-ray diffraction data to obtain a very complete description of the AFP structure, including the positions of all deuterium atoms of both the protein and ordered water molecules. Examples of the high quality nuclear scattering density maps are illustrated in Figures 2 and 3 , for the protein and solvent respectively. 
Identification of the tetrahedral water
From analysis of the nuclear scattering density maps for the solvent structure, we were able to identify a cluster of four water molecules bound to a pocket in the IBS (Figure 4 ) formed by Gln-9, Thr-18, Val-20 and Met-21. This water cluster was seen to be close to tetrahedral geometry with one of the water molecules (1004) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   16 1004 is much weaker, indicating disorder -as such it can only be modeled as an oxygen atom. b) In orange, the σ A -weighted F o -F c omit nuclear scattering density map (contour level = 2.6σ) for the tetrahedral water cluster, showing the strong signal for three of the four water molecules (1001, 1002, 1003) and a relatively weaker signal for the disordered water 1004. From analysis of the room temperature X-ray data for this tetrahedral water cluster, the water identified as disordered in the nuclear scattering density maps (1004) is found to be disordered in the electron density maps also. The electron density maps indicate that this water is in a split conformation, with the 2 sites (1004A and 1004B) located either side of the position identified from the nuclear scattering density maps (1004). In magenta, the σ A -weighted F o -F c electron density map (contour level = 2.6σ) showing the peak for the first position 1004A of the disordered water. The position of 1004A is seen to be in ideal tetrahedral geometry for the water cluster. In green, the σ A -weighted F o -F c electron density map (contour level = 2.6σ) showing the peak for the second position 1004B of the disordered water.
Ice Model building
The tetrahedral water cluster was then used to fit a primary prismatic plane of ice to the protein. This was done by simple least-squares superposition using the CCP4
program LSQKAB (Kabsch, 1976 ; see figure 1S ). Three waters of the tetrahedral cluster were then expanded to a six member water ring, which is the basic building block of the hexagonal ice structure. When doing this expansion, there are two possibilities for the water ring conformation: (1) boat or (2) chair. The boat conformation clearly placed the primary prismatic face roughly parallel to the orientation of the IBS plane and therefore was chosen as the most plausible orientation ( Figure 6 ). The chair conformation placed the basal face roughly parallel to the IBS plane. It should be noted that the fit between a complete ice face and the IBS is not perfect, as there are short contacts between Pro-12 (which protrudes slightly from the IBS plane) and the ice faces ( Figure 7 ). 
Analysis of the ice model
From inspection of the AFP-ice interaction it could be clearly seen that the hydrophobic patches (such as the methyl groups of at the IBS face the holes in the middle of the ice water rings (Figure 8 ). This is in agreement with the NMR observation (Siemer and McDermott, 2008 ) that these hydrophobic residues make strong van der Waals interactions with ice, necessitating a large interaction surface that can be provided by burying these residues in the water rings.
The ice waters resulting from this model show clear H-Bond interactions with the polar IBS residues. The van der Waals interactions observed here are similar to those in water clathrate-protein interactions, such as those identified in crambin (Teeter et al., 2001) , however, in the AFP-ice case the van der Waals interactions are made with the six-membered rings of the ice structure, while in water clathrateprotein interactions the van der Waals interactions are more commonly observed for pentagonal arrangements of water molecules. 
Discussion
We have determined the structure of type-III AFP and its hydration layer using joint neutron and X-ray diffraction data to obtain a maximum signal for the water molecules. Within the solvent structure we have been able to identify a water cluster with a tetrahedral geometry, typical of ice crystals. We have made the assumption It should be noted that one of the waters in the tetrahedral cluster is more disordered, which has probably prevented the previous identification of this tetrahedral arrangement, and that some of the IBS residues, notably Pro-12, disrupt the prismatic face continuity. On the other hand, the position of Pro-12 could favor the binding of the pyramidal face as proposed by Garnham et al., 2010 (Fig 1a) . A key question is the reliability of the positioning of the tetrahedral water (1004A) facing the IBS. To verify this hypothesis, we analyzed all related structures of type-III AFP's deposited crystallographically determined and currently in the PDB (18 in total, see Table 1S ). The positions of the water molecules described in this paper were compared with those observed in these structures. 
Conclusions
The main structural question posed by the AFP biological function is how the protein binds preferentially to ice than to water. Type-III AFP is highly soluble and does not aggregate even at high concentrations (Salvay et al., 2010) , so in solution it is surrounded by liquid water. On the other hand, it has a unique IBS surface, which in the presence of ice nuclei recognizes the structural features which do not exist in liquid water. Clear examples of such unique features are the holes in the centre of the water rings of ice.
Our proposition is that the IBS face of type-III AFP uses these holes to specifically recognize ice against cold but liquid water, which has a short-range order similar to ice but in which the holes in the middle of the six-membered water rings can be filled.
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